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FIRST QUARTER SECOND YEAR PROGRESS REPORT

This report covers technical progress during the first quarter of the second year of NASA
Sun-Earth Connections Theory Program (SECTP) contract “The Structure and Dynamics of
the Solar Corona and Inner Heliosphere,” NAS5-99188, between NASA and Science
Applications International Corporation, and covers the period August 16,2000 to December 15,
2000. Under this contract SAIC and the University of California, Irvine (UCI) have conducted
research into theoretical modeling of active regions, the solar corona, and the inner heliosphere,
using the MHD model.

The renewal of Option 2 of this contract ( which renewed Year 2 of the contract from
8/16/2000 until 8/15/2001), was delayed due to contracting delays at NASA. The renewal was
not received until November 27, 2000. As a consequence, the progress reported in this
“quarterly” report includes a four-month period, rather than the customary three-month
period. The actual funded time period during this time was from November 27, 2000 to
December 15, 2000.

In the following sections we summarize our progress during this reporting period. Full
descriptions of our work can be found in the cited publications, a few of which are attached to
this report.

Publication on the Magnetic Field Topology in Prominences

The paper “Magnetic Field Topology and Modeling of Loops in Prominences,” by R.
Lionello, Z. Miki¢, J. A. Linker, and T. Amari, has been submitted for publication in The
Astrophysical Journal Letters. We present a computational model of the magnetic field lines in
a prominence. We describe how the process of flux dispersal and cancellation in a realistic
configuration can lead to the formation of a stable flux rope structure. The flux rope fulfills
several theoretical and observational constraints associated with prominences: twist, shear along
the neutral line, and dips. We have performed 1D hydrodynamic simulations along selected
field lines in the final state to show that the flux rope can support cold and dense material that is
characteristic of a prominence. The referee’s comments have been received, and the paper is
currently being revised for resubmission. This paper is included in Appendix A.

Publication on an Empirically-Driven Global MHD Model of the Solar Corona and
Inner Heliosphere

The paper “An Empirically-Driven Global MHD Model of the Solar Corona and Inner
Heliosphere,” by P. Riley, J. A. Linker, and Z. Miki¢, has been submitted for publication in
Journal of Geophysical Research. We have developed a three-dimensional MHD model of the
solar corona and heliosphere. We split the modeling region into two distinct parts: the solar
corona (1 solar radius, R, to 30 R,) and the inner heliosphere (30 R, to 5 AU). This combined
model is driven solely by the observed line-of-sight photospheric magnetic field and can thus
provide a realistic global picture of the corona and heliosphere for specific time periods of
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interest. We have used the model to illustrate heliospheric structure during three different
phases of the solar cycle: (1) Carrington Rotation (CR) 1913 (August 22, 1996-September 18,
1996), which occurred near solar minimum and overlapped the “Whole Sun Month”
campaign; (2) CR 1892 (January 27, 1995-February 23, 1995), which occurred during the
declining phase of cycle 22 and coincided with the so-called “Ulysses rapid latitude scan”; and
(3) CR 1947 (March 7, 1999-April 4, 1999), which occurred approximately 15 months before
the predicted maximum of solar cycle 23. We compared Ulysses and WIND observations with
the simulation for CR1913 and compared Ulysses observations during its traversal from pole to
pole with CR1892. We found that the simulations reproduce the overall large-scale features of
the observations. Using the near solar maximum results, we have speculated on the structure of
the high-latitude solar wind that Ulysses will encounter during its traversal of the southern and
northern solar poles in 2000 and 2001, respectively. In particular, the results suggested that,
due to the presence of equatorial coronal holes, the ordered pattern of CIR tilts and their
associated shocks, which was observed during Ulysses initial southward excursion in 1992, will
likely disappear completely as Ulysses moves toward the south pole. We anticipate that
Ulysses will encounter fast streams but will not remain within them for more than a fraction of a
solar rotation. Finally, the simulations suggested that crossings of the HCS will persist up to at
least ~70° heliographic latitude. The paper has been revised, based on the referee’s comments,
and has been accepted for publication. This paper is included in Appendix B.

Publication on Self-Consistent Formation of Prominences

The paper “Magnetohydrodynamic Modeling of Prominence Formation Within a Helmet
Streamer,” by J. A. Linker, R. Lionello, Z. Miki¢, and T. Amari, has been submitted for
publication in Journal of Geophysical Research. This paper describes the self-consistent
simulation of the formation of prominences in the solar corona. We present a 2D axisymmetric
MHD model to self-consistently describe the formation of a stable prominence that supports
cool, dense material in the lower corona. The upper chromosphere and transition region are
included in the calculation. The prominence is formed by shearing a coronal arcade and
reducing the magnetic flux, to form a magnetic field configuration with a flux-rope topology.
The prominence forms when dense chromospheric material is brought up and condenses in the
corona. The prominence sits at the base of a helmet streamer structure. The dense material is
supported against gravity in the dips of the magnetic field lines in the flux rope. Further
reduction in magnetic flux leads to an eruption of the prominence, ejecting material into the
solar wind. The paper has been revised, based on the referee’s comments, and has been
accepted for publication. A copy of this paper is included in Appendix C.

Eruption of a Magnetic Field Arcade by Flux Eruption/Cancellation

It is well documented that strongly sheared magnetic fields observed on the photosphere
are often associated with solar activity, some of which results in violent energy release in the
form of coronal mass ejections and solar flares. The modeling of these events involves: (a) the
buildup of the sheared field, (b) the triggering of the release of free energy, and (c) the



SAIC-00/8032:APPAT-265
January 18, 2001

subsequent dynamical events, including energetic plasma motions. We have demonstrated the
energy buildup and release mechanisms by following the dynamic evolution of a magnetic
arcade using 3-D numerical simulation.

The sheared magnetic-field structures in the solar atmosphere can be dynamically formed
in two fundamentally different ways as shown in our previous investigations. A current-
carrying magnetic loop, for example, can be formed by plasma flows on the photosphere with
an initially potential field (Van Hoven et al. 1995). The fluid motions induce an electric current
by twisting the in situ field lines. Alternatively, a current-carrying loop can emerge directly
from underneath the photosphere by breaking through the surface (Mok et al. 1997). The end
results are remarkably similar, provided the physical parameters are comparable. In the present
effort, we chose to build up the sheared magnetic structure by prescribing plasma flows on the
surface at the location where there is initially a potential magnetic arcade field. The flow pattern,
in general, can be arbitrary on the solar surface. However, we have identified two parameter
regimes that lead to fundamentally different consequences in our dynamic model. In the first
case, in which the spatial scale of the flow around the magnetic neutral line is small compared to
the spatial scale of the field, free magnetic energy is built up, and stored, primarily in a small
region along the neutral line. In the second case, the flows and the field have comparable spatial
scales everywhere, and free magnetic energy is built up throughout the structure. The triggering
mechanism to release the magnetic energy in our model is the emergence of a new, potential
arcade field with polarity opposite to the original arcade. This process essentially weakens, and
disrupts, the potential component of the sheared field structure. Since the plasma flows in the
buildup phase are very slow compared to the Alfvén speed, the sheared arcade is near force-free
MHD equilibrium. The disruption of the potential component could trigger an analog of the
ideal MHD kink instability, one of the most unstable modes often seen in laboratory devices.

In the first parameter regime, we began with two elongated, parallel magnetic poles of
opposite polarity as a potential field structure. A flux-preserving, sheared flow is applied to the
surface in such a way that the flow is highly concentrated along the magnetic neutral line with a
spatial scale much smaller than the dimension of the magnetic poles. The maximum flow speed
at the base is 0.01 of the Alfvén velocity, and this buildup phase lasts 190 Alfvén transit times.
At the end of this period, when the flows stop, free magnetic energy is built up primarily along
the neutral line at a relatively low altitude in a highly localized manner. After the buildup, a new
bipole with polarities opposite to the original is slowly emerged from the surface on a time scale
of 100 Alfvén times. The dynamic evolution is shown in Figure 1. At =50 (measured after
the beginning of the new flux emergence), the magnetic structure continues to rise slowly into
the corona. Some of the field lines become helical as a result of reconnection between the new
flux and the existing, strongly sheared flux, whose field lines are nearly parallel to the neutral
line. The instability is triggered at approximately 7 = 80, when the strength of the new flux
passes a threshold. The structure suddenly explodes upward on an ideal MHD time scale. The
similarity of this eruptive behavior with the MHD kink instability is quite evident. By =87,
the end of this simulation, the flux is being ejected out of the corona at a speed exceeding 0.4
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times the Alfvén velocity. This case is extremely dynamic. We believe that this is a plausible
model for impulsive events such as coronal mass ejections and solar flares.

In the second parameter regime, we applied a surface flow to the same bipole region to
build up magnetic energy. The plasma flows, however, follow the contours of the vertical
component of the magnetic field so that the field lines of the entire region are evenly subjected
to the twisting motions. Free magnetic energy is built up throughout the structure, which
expands slowly into the corona during the process. We were able to store more free energy in
the system at the same value of resistivity, which eventually limits the growth of the electric
current density. However, when the shearing stops and new flux is emerged, as in the last case,
a magnetic tearing mode is excited on the vertical current sheet directly above the neutral line,
resulting in an upward-downward flow pattern away from the X-point. The speed is typically a
few percent of the Alfvén velocity, and the evolution is on a slower time scale than in the
previous case. This event is not explosive, and might correspond to the small plasma flows
observed in some prominences.

A preliminary version of this work was presented in the paper “Effects on Magnetic
Structures by Disrupting Plasma Flows and Surface Magnetic Fields,” by Y. Mok, J. A. Linker,
and Z. Mikig, at the meeting of the American Astronomical Society/Solar Physics Division, held
in Lake Tahoe, Nevada, June 18-22, 2000. These results are currently being prepared for
publication.

REFERENCES
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Eruption of an Arcade Caused by Flux Emergence

Figure 1. A time sequence showing the dynamic evolution of the magnetic field lines of a
highly sheared bipole region when new flux of opposite polarity emerges from undemeath the
photosphere. The new flux begins to emerge at £ = 0. The sequence corresponds to (a) ¢ = 50,
(b)+=70,(c) t=80,(d)r=83,(e) 1= 85 and (f) t = 87. The simulation was run on a mesh of
127 x 79 x 71 points in (x,y,z), with a Lundquist number of S = 5x10°. The field lines in all six

frames are traced from the same set of footpoints at the base.
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APPENDIX A

“Magnetic Field Topology and Modeling of Loops in Prominences”
R. Lionello, Z. Miki¢, J. A. Linker, and T. Amari
Submitted for publication in The Astrophysical Journal Letters
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ABSTRACT

We present a computational model of the magnetic field lines in a promi-
nence. We show how the process of flux dispersal and cancellation in a realistic
configuration can lead to the formation of a stable flux rope structure. The
flux rope fulfills several theoretical and observational constraints associated with
prominences: twist, shear along the neutral line, and dips. We perform 1D hy-
drodynamic simulations along selected field lines in the final state to show that
the flux rope can support cold and dense material that is characteristic of a

prominence.

Subject headings: MHD -- Sun: corona - - Sun: magnetic fields —

Sun:prominences

1. Introduction

Prominences are formed of material that is hundreds of times cooler and denser than
the surrounding corona. They are often observed to lie along the neutral line separating
regions of opposite polarity (Priest 1982). Considerable rescarch has been performed in the
past in order to find a favorable background magnetic configuration to support prominences
against gravity (Priest 1982). One possibility is to start from a field generated by a dipole
and apply a shear flow concentrated along the neutral line. which results in an equilibrium
with dipped field lines (Antiochos et al. 1994). The presence of localized heating near the
chromosphere makes it possible to form condensations, whose collective appearance is the

prominence (Dahlburg et al. 1998; Antiochos et al. 1999).

Qur approach is driven by different theoretical considerations, which indicate that a

flux rope is a viable candidate to support the denser and cooler prominence material. A
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flux rope fulfills several of the theoretical and observational requirements such as twist,
shear along the neutral line, and dips [however there are also observations that suggest
the presence of vertical magnetic field in apparent contrast to this model (Zircher et al.
1998)]. Amari et al. (1999) have shown how flux dispersal and cancellation in an idealized
sheared arcade field can lead to the formation of a stable flux rope structure. In this work
we show how a similar process leads to the formation of a stable flux rope and we study the
condensation of plasma along the loop’s magnetic field lines in this topology. For our model
we are motivated by observations of a prominence seen on September 23, 1996 (see Fig. 1).
The final configuration consists of a twisted magnetic flux tube embedded in an overlying,
almost potential, arcade. We then solve the 1D hydrodynamic equations along the field
lines in this final state in order to show that the flux rope can support the cold and dense
naterial that is characteristic of a prominence. Our work does not directly address how
condensations are actually created. One possibility is that formation occurs by lifting of
chromospheric material during the dispersal and cancellation phase. Siphon flows represent

another possible mechanism (Antiochos et al. 1999)

2. The MHD Model and Simulations

Our approach is based on two separate models. We use a 3D MHD model to obtain
the magnetic structure. Then we solve the 1D hydrodynamic equations along field lines
to obtain the plasma properties and show how the magnetic structure can support a

prominence. Here we describe the 3D MHD model.

,,4,

2.1. The MHD Model

To model magnetic structures in active regions we solve the following MHD equations

in Cartesian geometry:

4n

VxB = TJ., (1
198

VxE = —-—=, 2

E+Y—§—B = nl, (3)

p(‘g +v~Vv) = }Jx13+v-(upvv). (4)

E and B are respectively the electric and magnetic fields, v is the plasma velocity, ¢ the
speed of light,  the resistivity, v the viscosity, p is the plasma density assumed to be
constant. The exclusion of the pressure gradient and gravity from the momentum equation
is justified because the dynamics of an active region is dominated by the strong magnetic
field, i.e. the corona is a low- medium (where 3 is the ratio of the plasma and magnetic
pressures). We use a 31 x 31 x 61 nonuniform grid to mesh a cubic domain, -2L < x < 2L,
2L <y<2L,0<z<4L, with L=13x 10° Km. The Lundquist number S is defined
as the ratio of the resistive diffusion time 75 to the Alfvén time 74. In our model we have
S = 1 x 10°, which is much lower than the value in the solar corona. This is necessary
to dissipate structures that cannot be resolved since they are smaller than the cell size.
However it does not influence the large scale dvnamics in which we are interested. For the
same reason we choose v such that the ratio of the viscous dissipative time vs. the Alfvén

time is 7, /74 = 200.




2.2. The Simulation

The MHD simulation can be divided into three main phases. In the first phase of our
simulation we specify a magnetic flux distribution at the base of our domain. It consists
of the superposition of three Gaussian distributions and captures the salient features of
the bipolar region surrounding the prominence of September 23, 1996 (Fig. 1). We do not

attempt to model this region in detail. We are merely seeking to model the large-scale

magnetic topology as simply as possible. Then we find the corresponding potential magnetic

field for this flux distribution, some representative field lines of which are shown in Fig. 2a.

In the second phase we apply a velocity shear on the lower boundary surface for a
specified duration, localized along the neutral line and advance Egs. (3-4) in time. The
formn of the shear is

vi = V x (z,9)2 (3)

where © is a specified scalar function. If we choose ¥ = ¥(B,),it can be shown that the
flow derived from Eq. (3) preserves the original magnetic flux of the configuration (Amari
et al. 1996). The corresponding flow consists of two vortices rotating in the same direction
and centered on the opposite polarity regions. The maximum speed of the flow is set to
one hundredth of the Alfvén speed. The system evolves through a series of force-free,
increasingly sheared equilibria. With this flow pattern we do not intend to model a physical
process by which the prominence is actually formed but we only use it as a method to form
such equilibria with a given surface flux distribution. Figure 2b shows some field lines at

the end of the shearing phase.

Finally, in the third phase we reduce the magnetic flux at the photospheric boundary
as in Amari et al. (1999). The magnitude of the original magnetic flux decreases by 20%.
Our experience tells us that the exact change in the flux distribution is not important as

Jong as the total Aux is reduced. It is during this last phase that magnetic reconnection

6,

occurs and a flux rope is formed (Fig. 2¢). The flux rope, which is surrounded by an almost
potential arcade, lics along the neutral line. The magnetic field in the flux rope has dips; we

will show how the cold and dense material typical of a prominence can be stored in there.

3. Dips and Condensations

Our philosophy is to separate the calculation in two parts. In the previous section we
have obtained the magnetic ficld with the 3D MHD model. In order to sce if the magnetic
field can support a condensation, we now proceed to find the plasma properties, p and T,
along sclected field lines with a 1D hydrodynamic model. This can be done because the
plasma is low 3 and the perturbation to B due to pressure gradients and gravity is small.

We solve the following equations:

ap dp 10

i + v = PR BSAU, (6)
ar oT 10 my, (10 5207 . )
— tv— = ~(7- ——Av = (y - V)2 | 5 Ak TV - H

7 +1 B (v 1)TA05 Av - (y-1) ” (:‘l aSAnoT EP +n.n,Q(T) (7)
ov dv 10p 10 ov

=t U = —— = — — =4 — .

ot ty 0s pOs 9o F pA Js (””as) ®

s is the length clement along the field line; T, p and p are the plasma temperature, pressure
and density; k is Boitzmann constant; A(s) = Bo/B(s) is the cxpansion factor of the field
line; g is Spitzer cocfficient for thermal conduction (k; = koT%/%); v = 5/3 is the ratio of
specific heats; @ is the radiation law [see Athay (1986)]; n. and n, are the clectron and
proton number density and are equal in our calculation; H = Hyexp(—(r — R3)/A) is a
parameterized heating function; g, = g - b is the projected gravitational force; my, is the

proton mass and p = myn,.

According to Rosner et al. (1978), in the casc of low-lying (constant pressure) loops
there exists a lower limit Ly for the length scale A of an exponentially decaying heating

function in order to have a solution with maximum temperature in the middle. This limit
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is proportional to the length of the loop L. The presence of gravity does not fundamentally
change this result (Serio et al. 1981). When A < L only a solution with a temperature
minimnum in the middle is possible. The presence of a condensation in the middle can

be thought as splitting the loop in two of length L/2. This effectively decrcases Ly to
Ly /2 and if A > Lj;; /2 then the solution with condensation in the middle is stable. Qur
choice for all simulations is A = 0.05 R,,. Hy is chosen to give a surface energy flux of

10% erg cin "2 571,

As an initial state we choose an arbitrary temperature profile and calculate the
corresponding pressure and density from solving Eq. (8) with v = 0. The temperature
profile is chosen such that the system is not in thermal equilibrium. Equations (6-8) are
advanced to steady state using rigid wall boundary conditions at the ends of the loops (we
have tested the stability of the final states by continuing the simulations with free-flow
conditions (Antiochos et al. 1985; Mok et al. 1991). With these boundary conditions at
s=0and s = L a dense and cold chromosphere is formed, next to a transition region with
sharp gradients. In the interior we have a hot, tenuous corona. Two kind of solutions are
possible: with and without condensation. Loops with a height profile as in Fig. 3 (i.c., loops
in the overlying arcade) do not support a condensation. In fact an eventual condensation
forming at the top of the loop would be unstable to the Rayleigh-Taylor instability (dense
material on top of tenuous). The solution is the classical loop solution with temperature
maximun and density minimum at the top. These loops constitute the arcade surrounding
the flux rope. However, when a dip is present in the magnetic field line as in Fig. 4, then
the configuration is able to sustain the condensation. This occurs for the field lines that

belong to the flux rope.

A composite plot of all the simulations performed is presented in Fig. 3. The

temperature and logarithmic density along the field lines is indicated in a color scale.

Condensations appear to be associated with the dips of the flux ropes and are absent in the
semi-circular loops. The images can be compared with Fig. 1, and they show how it is the

superposition of several single condensations that forms the prominence.

4. Conclusions

We have shown how the process of canceling and dispersal of magnetic flux in a
sheared realistic magnetic configuration can lead to the formation of a flux rope. Our
simulation is intended to model the prominence that was visible on September 23, 1996.
Solutions of the hydrodynamic equations with thermal conduction, heating and radiation
losses were performed along the field lines of the final state. They show that the dips in the
magnetic field lines in the flux rope can support the dense and cold material typical of a
prominence. Arcade-like field lines do not have dips and are therefore incapable of confining
the heavy material against gravity. The superposed view of all the condensations appears

as a prominence.

Real filaments have barbs also, which are curved feet connecting the body of the
filament to the chromosphere. We plan to use our model with a more realistic magnetic
flux distribution that includes parasitic polarities, which may be able to reproduce barbs.
We have not addressed the point of how the prominence is actually formed, either via
evaporation and successive condensation of chromospheric material or through mechanical
lif£ing of cold and dense matter during the reconnection phase. In order to investigate this
issue a more sophisticated model is needed, which should include a self-consistent 3D MHD
simulation with an energy equation incorporating coronal heating, thermal conduction and

radiation losses. This will be studied in the future.
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Fig. 1.-- Ha image of the prominence of September 23, 1996 from the National Solar Ob-
servatory/Sacramento Peak, Sunspot NM (left). Corresponding magnetogram from the Kitt
Peak National Observatory AURA/National Solar Observatory/National Science Foundation

(right).

Fig. 2.— Magnetic field lines during the three phases of the simulation: (a) potential field;
(b) localized shearing along the neutral line; (¢) emergence of opposite polarity flux and flux

rope formation. surrounded by an arcade. Underlying is the magnetic flux distribution.

Fig. 3.-- Height (top), temperature (middle) and density (bottom) profile as a function of
the distance along the field line for a configuration that does not develop a condensation.

No dip is present to sustain a stable condensation.

Fig. 4.-- Height (top). temperature (middle) and density (bottom) profile a function of
the distance along the field line for a configuration that develops a condensation. The

condensation appears in the dip of the field line.

Fig. 5.- Temperature (top row) and density (bottom row) along several field lines and three
different views from left to right. Arcade-like loops do not develop a condensation. Field
lines forming the flux rope show that condensations occur in the dips. The combined view

forins the prominence.
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Abstract.

In this study we describe a three-dimensional MHD model of the solar corona and
heliosphere. We split the modeling region into two distinct parts: the solar corona (1
solar radius. R;. to 30 R,) and the inner heliosphere (30 R, to 5 AU). This combined
model is driven solely by the observed line-of-sight photospheric magnetic field and can
thus provide a realistic global picture of the corona and heliosphere for specific time
periods of interest. We use the model to illustrate heliospheric structure during three
different phases of the solar cycle: (1) Carrington Rotation (CR) 1913 (August 22,
1996 — September 18, 1996), which occurred near solar minimum and overlapped the
“Whole Sun Month” campaign: (2) CR 1892 (January 27. 1995 ~ February 23, 1995).
which occurred during the declining phase of cycle 22 and coincided with the so-called
“Ulysses rapid latitude scan”: and (3) CR 1947 (March 7, 1999 - April 4, 1999). which -
oecurred approximately 15 months before the predicted maximum of solar cycle 23. We
compare Ulysses and WIND observations with the simulation for CR 1913 and compare
Ulysses observations during its traversal from pole to pole with CR 1892. We find
that the simulations reproduce the overall large-scale features of the observations. We
use the near solar maximum results to speculate on the structure of the high-latitude
solar wind that Ulvsses will encounter during its traversal of the southern and northern
solar poles in 2000 and 2001. respectively. In particular. the results suggest that. due
to the presence of equatorial coronal holes, the ordered pattern of CIR tilts and their
assoviated shocks, that was observed during Ulysses initial southward excursion in 1992,
will likely disappear completely as Ulysses moves toward the south pole. We anticipate
that Ulysses will encounter fast streams but will not remain within them for more than
a fraction of a solar rotaton. Finally. the simulations suggest that crossings of the HCS

will persist up to at least ~ 70° heliographic latitude.




1. Introduction

Bevond ~ 10 solar radii (R,). solar material streams away from the Sun along
roughly radial trajectories. A combination of temporal variations at the Sun. together
with the rotation of the Sun. leads to parcels of plasma with different plasma and
magnetic properties becoming radially aligned: faster material overtaking slower
material leads to a compression front. while slower material being outrun by faster
material leads to a rarefaction region, or expansion wave [Sarabhai, 1963]. \When the
flow pattern at the Sun does not vary considerably during a solar rotation (such as
during solar minimum). the large-scale compressive structures created by the interaction
of these streams are fixed in a frame corotating with the Sun, and they are known as
Carotating Interaction Regions (CIRs) [Smith and Wolfe, 1976]. When the difference in
speed between the slow and fast streams is sufficiently large. a pair of shocks may form
bounding the CIR {e.g.. Pizzo. 1985].

During its initial vovage out of the ecliptic plane, Ulyssses observed a systematic
tilt to CIRs [Gosling et al.. 1993. 1995a: Riley et al., 1996]. These interaction regions
were observed from January. 1992 to October, 1999, corresponding to the declining
phase of solar cycle 22. In the azimuthal (¢) plane, their outward normals were tilted
westward (i.e.. into the direction of planetary motion). This was to be expected. as the
interaction regions aligned themselves roughly along the direction of the Parker spiral.
In the meridional plane (8). their outward normals were tilted toward the heliographic
equator. These results were supported by numerical MHD simulations |Pizzo and
Gosling, 1994] which suggested that these orientations were a natural consequence of
the tilt of the solar magnetic—dipole axis relative to the solar rotation axts. This pattern
of tilts was once again observed during Ulysses’ so-called “rapid latitude scan” {Gosling
et al.. 1995b] and most recently. as Ul'_vsses descended from the northen polar regions
to the equator {during solar minimum and the early /mid ascending phase of cvcle 23)

[Gosling et al., 1997: McCormas et al., 1998a).

Previous solar wind models have yielded considerable insight into the dyvnamical
processes that shape the structure of the heliosphere. The large-scale. time-stationary
structure of the heliosphere under an idealized tilted- dipole geometry was studied by
Pizzo [1991. 1994a]. At an inner boundary of 32 R,. a flow pattern was constructed
consisting of slow, dense flow about a heliomagnetic equator that was tilted by a
specified amount relative to the rotational axis. Similar simulations were used by Gosling
and Pizzo [1994)] to interpret Ulysses observations at mid-heliographic latitudes. where
it was found that CIR-associated reverse shocks persist to much higher latitudes than
CIR-associated forward shocks. In both cases. the tilted dipole geometry at the inner
boundary strongly drives the position and orientation of the CIRs and their associated
shocks. In particular. under moderately low solar activity conditions. CIRs and shock
outward normals are tilted toward the equator in both hemispheres. Thus, in the
ecliptic plane, a spacecraft samples alternating tilts as it passes through a predominantly
northern hemispheric CIR, and subsequently a predominantly southern-hemispheric
CIR. Moreover, the strongest interactions take place away from the ecliptic plane, at
latitudes roughly equal to the tilt of the solar dipole relative to the rotation axis.

Wang and Sheeley [1990] exploited an empirical relationship between solar wind
speed and coronal flux-tube expansion [Levine et al., 1977} to predict solar wind speed
at 1 AU and bevond. They found that coronal flux tubes that expand more slowly
correlate with faster asvmptotic speed along that flux tube. Using this relationship.
they predicted the types of wind speed patterns that Ulysses would be expected to see
during its second solar orbit [Wang and Sheeley, 1997). In particular, they predicted
that the ascending phase of the solar cycle would be dominated by recurrent (28-29
dav periodicity), high-speed streams originating from high-latitude extensions of polar
coronal holes. Approaching solar maximum. however. persistent high-speed streams
would disappear, only to be replaced by low-speed wind at all latitudes. Finally. at

solar maximum (or more specifically at the time that the polar field reverses). very fast




episodic polar jets would be generated as active region fields migrated toward the solar
poles.

Usmanov et al. [2000] developed an axisymmetric MHD model of the corona
and inner heliosphere. Their technique relies on outwardly propagating Alfvén waves
to provide all of the heating and acceleration of the solar wind flow. In reality, it
is likely that a complex combination of thermodynamic processes is necessary to
acenrately describe the heating and acceleration of the solar wind [Lionello et al., 2000].
Nevertheless. their approach quantitatively reproduces Ulvsses’ plasma and magnetic
field observations during the rapid latitude scan. Since the model is two-dimensional.
no interaction regions are praduced. In spite of this. their success suggests that such
an approach in three dimensions might represent an effective compromise between a
complex treatment that includes a transition region and coronal heating mechanisms
le.g.. Lionello et ol 2000} and a more limited polvtropic approach [e.g.. Riley et al..
2000},

The heliospheric current sheet (HCS) is a global structure in the heliosphere that
separates inwardly— and outwardly-directed magnetic field lines. It plays an important
role in the modulation of cosmic rays and energetic particles in the solar wind. Simple
models of the HCS have been constructed that ballistically trace out the inferred
locus of the neutral line at the Sun [e.g.. Jokipii and Thomas, 1981]. However. by not
accounting for the deformation of the HCS through the evolution of interaction regions.
these models can at best provide only a qualitative picture of the shape of the HCS.
In contrast. Pizzo [1994b] used an idealized 3-D. steady-state MHD model to simulate
the structure of the HCS out to 30 AU for the tilted-dipole geometries discussed above.
He found that for dipole tilts larger than ~ 10°. noticeable deformation of the HCS
oceurred within 5 AU, and by ~ 10 AU (where CIR-associated shocks had overtaken
the HCS) significant distortion of the HCS occurred. Pizzo emphasized the importance

of the HCS as a global structure about which the interaction regions are organized.

The data utilized in this study derives from the Solar Wind Over the Poles of the
Sun (SWOOPS) ion sensor [Bame et al., 1992] and the magnetic field investigation
[Balogh et al.. 1992] on board the Ulysses spacecraft and from the Faraday cup
instrument on board WIND {Ogiluie et al.. 1995]. The plasma moments produced
from the Ulvsses measurements have a typical resolution of 4-8 mins while moments
produced from WIND measurements have a resolution of 90 secs. All data presented
here. however. have been averaged over at least 1 hour.

The purpose of this report is two—fold. First to introduce an empiricallv—driven.
time—dependent, 3D resistive MHD model of the corona and heliosphere. To test its
applicability, we make comparisons with WIND and Ulvsses observations during a
relatively quiet period of the solar cycle. We use the model to explore how the large-scale
structure of the heliosphere changes over the course of a solar cycle. We then use these
results to make basic predictions about the large-scale structure Clysses may find at
high heliographic latitudes during its second orbit at solar maximum. This report is
structured as follows. In section 2 we introduce the basic features and limitations of
the model. In sections 3, 4, and 5. we model the structure of the heliosphere at three
time periods corresponding to solar minimum, the declining phase, and solar maximum
conditions. respectively. In section 6 we explore the variability of the HCS for the
aforementioned time periods. Finally. in section 7 we summarize the results of this
study and speculate on what Ulysses may see when it traverses the poles of the Sun at

solar maximum.

2. Description of the Model
2.1. Equations and Solution Technique

In recent years. we have developed a 3-D, time-dependent resistive MHD model to

investigate the structure of the solar corona [e.g.. Miki¢ et al., 1999; Linker et al., 1999].




We solve the following syvstem of partial differential equations. in spherical coordinates:
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where B is the magnetic field intensity: J is the electric current density: E is the electric
field: v is the plasma velocity: p is the plasma mass density: p is the gas pressure: g is
the acceleration due to gravity; 5 is the ratio of specific heats: 7 is the plasma resistivity:
v is the kinematic viscosity. and S represents energy source terms.

In this study. we approximate the energy equation with a simple adiabatic energy
equation (i.e.. § = 0) and choose the polytropic index () to be 1.05 in the coronal model
and 1.5 in the heliospheric model. The coronal vatue reflects the fact that temperature
does not vary significantly in the corona. While this approximation significantly
simplifies the calculation and reduces the time necessary to complete a simulation. the
resultant plasma parameters predicted by the model do not show the same degree of
variation as is inferred from in situ and solar observations. In the heliosphere. on the
other hand. a polytropic relationship between pressure and density is observed to hold.
with 4 ~ 1.5 for protons (e.g.. Totten et al. {1995]: Feldman ct al. {1998]).

The details of the algorithm used to advance the MHD equations are provided

elsewhere [Miki¢ and Linker. 1994: and Lionello et ol 1998]. Here we briefly make a

few remarks. In the radial (r) and meridional (#) directions we use a finite-difference
approach. In azimuth (¢). the derivatives are calculated pseudo-spectrally. \We impuose
staggered meshes in r and # that have the effect of preserving V- B = 0 to within
round-off errors for the duration of the simulation. The simulations discussed here were
performed on (r, 8. ¢) grids ranging from 81 x 81 x 64 to 121 x 121 x 128.

It is convenient to Separate the region between the solar photosphere and the
Earth into two parts. \We distinguish between the more complex “coronal” region,
which includes the region from the photosphere up to 20-30 R,. and the “hehiospheric”
region. which covers the region of space between 30 R, and 1-5 AU. In the latter. the
flow is everywhere supersonic. gravity can be neglected (although it is included for
completeness), and the energy equation can be reasonably approximated by a polyvtropic
relationship. Thus the time step required to advance the solution in the heliospheric
model is considerably larger than the time step required for the coronal solution.
Computationally then. it is more efficient to advance the heliospheric portion of the
simulation independently of the coronal time step.

Ultimately, our goal is to use the output of the coronal solution directly to provide
the inner boundary condition of the heliospheric model. At present. however, the
plasma speed predicted by the polytropic coronal model is not sufficiently high to
drive the heliospheric model. The recent addition of a more complex thermodynamic
treatinent of the energy equation [Lionello et al.. 2000} promises to yvield more
realistic plasma parameters: however. this refinement is still under development and
requires further validation. Thus both as an interim solution. and as a practical and
computationally-inexpensive approach. we have developed a technique for deducing
speed. density. and temperature, based on the magnetic topology of the coronal solution

(which is probably the most accuratety determined property of the coronal model).




2.2. Modeling the Solar Corona

Coronal calculations are typically performed between 1 R, (i.e.. the base of the
corona) and 20-30 12,. although we have positioned the outer boundary as far away as
1-2 AU [e.g.. Linker and Miki¢. 1997). At the lower boundary, we specify the radial
component of the magnetic field. By. based on the observed line-of-sight measurements
of the photospheric magnetic field. and uniform. characteristic values for the plasma
density and temperature. An initial estimate of the field and plasma parameters are
found from a potential field model and a Parker transonic solar wind solution [Parker,
1963}. respectively. This initial solution is advanced in time until a steady state is

achieved.

2.3. Modeling the Heliosphere

The heliospheric calculation is initiated using the results of the coronal solution.
Ta determine the inner heliospheric boundary conditions {at r = 30R,). we use the
magnetic field topology of the coronal solution. We assume that within coronal holes
(i.e.. away from the boundary between open and closed magnetic field lines) the flow
is fast. At the boundary between open and closed field lines, the flow is slow. Over a
relatively short distance, we smoothly raise the flow speed to match the fast coronal

hole flow. We specify the photospheric flow field as follows.

v (d) = Vstouw + % (' fast — Ustow) (1 + tanh (d - O)) ()]

w

where d is the minimum distance from an open/closed boundary, measured along the
surface of the photosphere. « is a measure of how thick the slow flow band is (~ 0.1
radians. or ~ 6°), and w is the width over which the flow is raised to coronal hole values
(~ 0.05 radians. or ~ 3°). Although this approach is somewhat ad hoc. it is based on
the comnmonly held view that slow flow originates from the boundary between open

and closed field lines and fast flow originates in coronal holes. Once this speed map is
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determined in the photosphere. it is mapped outward along field lines to generate the
inner boundary of the heliospheric model at 30 R,. We emphasize that this approach
is only a convenient method of generating the inner boundary conditions for the
heliospheric solution. In reality, there is significant acceleration of the plasma between
the photosphere and upper corona.

In addition to the approximations discussed above, we make the following
assumptions. First. we neglect the effect of pickup ions. which are thought to dominate
the internal energy of the solar wind bevond G-10 AU {Azford, 1972]. Thus we limit our
modeling region to < 5 AU. Second. we neglect the effects of differential rotation. which
may play a role in connecting high latitude field lines near the Sun with lower-latitude
interaction regions much further away [Fisk, 1996]. We assume that the inner boundary
rotates rigidly with a period of 25.38 days. Third. although the MHD model is
time-dependent. we assume that the flow at the inner boundary is time-stationary.
Thus the flow is “corotating”, so that rotating spatial variations are responsible for the
generation of dynamic phenomena in the solution.

We illustrate this technique in Figure 1 for the time period August 10 to September
8. 1996. This interval coincided with the campaign known as “Whole Sun Month.”
(WSM) occurring just four months after the termination (minimum) of solar cvele
29 and has been the focus of considerable research (see papers in the special issue of
Journal of Geophysical Research, May. 1999). In panel (a) we have traced coronal field
Jines to deduce whether they are open or closed. Regions in which the field lines are
closed are shaded gray. and open field line regions are shaded black. In panel (b). we
have shaded the photosphere according to the algorithm described abave. Nate that.
the central band. indicated with zero speed. does not contribute to the inner boundary
conditions of the heliospheric model since the field lines there are all closed. In panel (¢)
we show the speed profile mapped along field lines to 30 R,. The mapping process has

vielded a relatively complex flow pattern. In particular. the slow-speed band encircling




the equator contains significant spatial structure.

Using this recipe. we derive the flow speed at 30 R,. By imposing momentum flux
balance at the inner radial boundary. we derive the plasma density. Theoretically. there
is little justification for this assumption; however, Ulysses observations suggest that
momentum flux is roughly conserved {Riley et al., 1997]. To derive the temperature we
impose thermal pressure balance. This is again. an ad hoc assumption. however. any
significant pressure gradients would be quickly minimized by the flow. To complete the
necessary inputs, we use the radial component of the magnetic field. B,. directly from

the coronal solution.

3. Structure of the Heliosphere at Solar Minimum

To illustrate the structure of the heliosphere during solar minimum conditions. we
have modeled the WSM [ time period (August 10 to September 8, 1996). Figure 2
summarizes the large-scale features of the heliosphere using the input flow speed shown
in Figure lc. The heliospheric current sheet (inferred from the iso-surface B, = 0)is
displayed out to 5 AU. A meridional slice of the radial velocity is shown at an arbitrary
longitude. Blue corresponds to slowest speeds (~ 350 km s7') and red corresponds
to fastest speeds (~ 750 km s7'). Superimposed is a selection of interplanetary
magnetic ficld lines. as well as the trajectories of the WIND and Ulysses spacecraft
in a corotating frame. The structure portrayed in Figure 2 fits well with the general
picture deduced from solar and interplanetary observations during this time period [e.g.,
Riley et al.. 1999: Linker et al., 1999]. In particular. the streamer belt showed little
(< 10°) inclination relative to the heliographic equator, but was deformed northward
at longitudes of ~ 250 — 300° (at the Sun) due to the presence of an active region.
Note that in spite of the low inclination of the current sheet. by 4 AU it has developed
considerable structure. including a fold back on itself.

Figure 3 summarizes the plasma and field parameters as viewed in a meridional
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plane. The left panel shows color contours of radial velocity. the middle panel shows
contours of number density (scaled by r?. to remove the fall off associated with the
spherical expansion of a constant speed solar wind). and the right panel shows contours
of gas. or thermal pressure (scaled by 3 to remove the 1/r fall off associated with the
near adiabatic (v = 1.5) expansion of the wind. as well as the 1/r? fall-off associated
with the spherical expansion). In each panel, the location of the HCS is marked by the
solid line.

Figure 4 provides a complementary view of the same simulation. showing the
radial velocity, meridional velocity. azimuthal velocity, scaled number density, thermal
pressure. and magnetic field magnitude. at a heliocentric distance of 2.3 AU. In each
panel. the location of the HCS has been overlayed. The trajectory of a spacecraft located
at a fixed point in space would trace a horizontal line from right to left in this display.
Consider, for example, a hypothetical spacecraft located at 2.3 AU and 30° above the
ecliptic plane. From the top-left panel. the spacecraft would sample predominantly fast
solar wind for most of a rotation. with a relatively slow speed drop at ~ 90° and a
relatively fast speed increase at ~ 3007 By comparison with the bottom 3 panels, we
would associate the speed increase with the presence of an interaction region (at ~ 300°
longitude) and the speed decrease with the presence of an expansion wave (at ~ 60°
longitude). From the top-middle panel. we deduce that the flow deflections through
the interaction region are first positive and then negative in the meridional plane. In
our coordinate system. a positive meridional velocity is equatorward. Thus the flow
is deflected first equatorward and then poleward. These deflections are in the same
sense as those observed by Ulysses out of the ecliptic plane and are consistent with the
outward normal of the interaction region being tilted toward the heliographic equator
[e.g.. Pizzo and Gosling, 1994]. Similarly. we deduce from the positive, then negative
flow deflections across the interaction region in the azimuthal plane (top-right panel)

that the outward normal to the interaction region is tilted toward the west (i.e.. into the
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direction of planetary mation). or. alternatively. the interaction region is approximately
aligned with the Parker spiral direction.

In Figure 5 we compare 1-hr averaged observations of speed, density. and
temperature by the Ulysses spacecraft (squares) with simulation results (solid curves)
during the WSM interval. At the time, Ulvsses was returning to lower latitudes and
was located at ~ 28° North heliographic latitude, at a distance of ~ 4.3 AU, and on
the opposite side of the Sun from Earth. Thus the measurements of the line-of-sight
photospheric magnetic field used to drive the solution were always separated by ~ 180°
from the actual solar wind that Ulysses observed. The profile at Ulysses consisted of a
simple, single stream pattern. The model appears to reproduce the essential features of
the large-scale variations. i.e.. the interaction region and the expansion wave: however.
the interaction region is not as steep as the observations indicate, and the model does
not reproduce fluctuations on scales less than a few days.

In Figure 6 we make an analogous comparison with WIND plasma data. WIND was
located in the ecliptic plane at 1 AU and observed a more complex pattern of variations
that are only partially reproduced by the MHD solution. The simulation predicts two
fast (> 500 km s7!) streams. of which only one is obviously found in the observations
(at day 255). The second (at day 240) may be related to the fast stream observed on
day 243. although it is considerably broader. There are other minor perturbations in

the model: however. none of them can be reliably matched with WIND observations.

4. Structure of the Heliosphere during the Declining Phase of
the Solar Cycle
To illustrate the structure of the heliosphere during more active conditions. we

have modeled Carrington rotation (CR) 1892 (day 27-55. 1995), which fell on the late

declining phase of solar evcle 22. In Figure 7 we compare Ulysses plasma and magnetic
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field observations during its so-called “rapid latitude scan” from September. 1994 (when
it reached its most southern latitude of 5807), to July, 1995 (when it reached its most
northern latitude of N80°) with simulation results. From top to bottom. the panels
compare speed. scaled density, scaled temperature, and the radial component of the
magnetic field. B,. A two-day box-car running average has been applied to B, to bring
out large-scale variations. Although several rotations of the Sun occurred during this
interval. the most-rapid traversal though the equator occurred during ~ 3 Carrington
rotations (1892-4). During CR 1892. Ulysses moved from —27.6° to —6.9° and from
1.43 AU to 1.35 AU. The spacecraft crossed into the northern polar coronal hole on day
87. 1995 [McComas et al. 1998b]. some 32 days after the end of CR 1892. Thus the
comparison between simulation and observations is expected to be most appropriate
during Ulysses’ initial immersion into the slow. dense solar wind. Unfortunately, this
crossing of the polar coronal hole boundary was complicated by the passage of a coronal
mass ejection that was embedded within the slow-fast boundary [Gosling et al.. 1995¢].
The CME structure is not included in the present simulations, which as noted earlier.
assume that the flow and field pattern are time—stationary in a corotating frame of
reference.

In spite of these shortcomings. the overall pattern of interaction regions in the
simulation bears a strong resemblance to the observations. Although the majority of
the interaction regions and expansion waves are reproduced in the simulations. their
strengths do not match: densities are too high in the interaction regions, vet not low
enough in the rarefactions: speed peaks are not high enough: and temperatures do not
fall enough. Nevertheless. it is guite remarkable that the final interaction region and

northern polar-hole crossing are well reproduced almost two rotations after CR 1892.




5. Structure of the Heliosphere Approaching Solar Maximum

As the Sun moves from solar minimum to solar maximum, the assumption that
the flow pattern at the Sun remains constant for an entire solar rotation begins to
break down. CMEs and other transient phenomena play an ever increasing role in
the dynamical evolution of the heliosphere. Nevertheless. we can still speak of a
“ratationally-averaged” picture of the heliosphere during solar maximum conditions.
Thus we restrict our use of solar maximum simulations to describe generic features of
the heliosphere. and use the models to predict what Ulysses may see when it traverses
the southern and northern peles in 2000 and 2001, respectively.

Figure 8 shows how the assumed radial velocity profile in the photosphere maps
into the input conditions for the heliospheric solution. The time period modeled (davs
66-94 of 1999) corresponds to CR 1947. Figure 8a shows the velocity profile in the
photosphere. where again, the large expanse of ZPI‘(; speed (purple) corresponds to closed
magnetic field lines and thus does not contribute to the coronal input conditions. Figure
&b shows the input speed profile at 30R,. Comparison of Figure 8 with Figure 1b and
1c highlights some striking differences between solar wind flow near the Sun at the
minimum and maximum of the activity cycle. Whereas at solar minimum the slow wind
is confined to a relatively narrow band organized about the equator. at solar maximum
slow solar wind dominates the flow at essentially all heliographic latitudes. This is
in agreement with the conclusions reached by Wang and Shecley [1997). A second
noteworthy point concerns the way features are mapped out from the photosphere to the
upper corona. At solar minimum (Figure 1), there is a fairly straightforward mapping
Dbetween the two regions, indicating that the topology of the field lines is relatively
simple. In contrast, at solar maximum. the relationship appears to be more complex.
For example, all of the the source of the fast solar wind eminating from the south pole
at 30 R, maps to a photospheric source that is limited in longitudinal exent. Based on

the photospheric sources of these flows. it is clear that it would be difficult to predict the

morphology of the flows in the upper corona without a model such as the one described
here.

Figure 9 presents meridional slices of radial velocity. scaled number density, and
scaled thermal pressure for CR 1947. The location of the HCS is again superimposed
(solid line). These images may be compared with those in Figure 3. Several differences
are apparent. First. the symmetric picture characteristic of solar minimurn is lost at
solar maximum. In the northern hemisphere, for example, we see the interaction of an
isolated high-speed stream with slower solar wind ahead of it: an interaction region
develops at the interface, bounded by a forward (ahead) and reverse (behind) wave.
At lower heliographic latitudes, we see the effects of the interaction of medium-speed
fiow with slower flow. In particular. at ~ 530° the two strongest mid-latitude streams
(located at ~ 0 — 60° longitude in Figure 8) are driving an interaction region whose
outward normal is essentially radial. Finally, the interface between slow and fast solar
wind at the southern coronal hole drives an interaction region (just visible at 5 AU and
~ S$60°) whose outward normal is tilted toward the heliographic equator.

Figure 10 shows spherical slices of the three velocity componets (top panels) and
density. thermal pressure. and magnetic field magnitude (bottom panels) for CR 1947.
These images may be compared with those in Figure 4. Note that the heliospheric
current sheet extends up to ~ 55° latitude in the northern hemisphere and ~ 40° in
the southern hemisphere. As we have noted carlier. the pattern near solar maximum
is much more complex. At. and near, solar minimum, the interaction and rarefaction
regions develop a pattern of opposing tilts in each hemisphere le.g.. Pizzo and Gosling.
1994]. so that the fronts run from low latitudes in the east to high latitudes in the west
in both hemispheres. In contrast. at solar maximum, any orientation of interaction
regions are possible, as is particularly evident from the color contours of number density
(bottom- left panel) and thermal pressure (bottom-middle panel). Note that the

small-scale peaks in density and pressure in Figures 4 and 10 arise from the limited




spatial resolution in the calculation. A limited number of higher-resolution simulations
were ran to demonstrate that: (1) such features disappear when sufficient resolution is

present: and (2) the results are not qualitatively affected by the limited resolution.

6. The HCS at Different Phases of the Solar Cycle

The HCS is a convenient feature to illustrate the variability of the heliosphere
during the solar cycle: being passive, it acts as a tracer for the macroscopic structure
of the heliosphere [e.g.. Riley et al.. 1996]. In Figure 11. we use the simulation results
described here to illustrate the evolution of the HCS during the course of a solar cycle.
The first panel shows the HCS near solar minimum. The single fold in the surface maps
back to ~ 180 — 270° longitude. From Figure 1. it can be seen to correspond to the
nosthward extension of the slow flow band. Note that this fold is radially asymmetric.
with its outer edge being sharper than its inner edge. Refering to Figure 1. fast solar
wind at ~ 280° overtakes slower wind ahead accelerating it and steepening the HCS
profile. Conversely. at the inner edge of the deformation (~ 180° longitude in Figure 1),
the HCS is “stretched out” as faster wind outruns slower wind creating a rarefaction
region. It is likely that this picture will differ from the ones produced by kinematic
models of the HCS. which assume that the speed of the plasma remains constant as
the plasma moves out from the Sun [e.g.. Sanderson et al.. 1999]. In the middle panel.
the HCS during the time of Ulysses’ “rapid latitude scan” is shown. Now two folds
dominate the HCS profile and are in qualitative agreement with the picture built up by
Smith et al. [1995] based on in situ crossings of the HCS by Ulysses. Finally, we present
the HCS for CR 1947 in the bottom panel. The HCS is again dominated by two folds
that extends up to ~ 40 — 55°. In contrast to solar minimum. however. the folds are
more symmetric. since the wind surrounding it does not have the same large variations

in speed.

7. Summary and Discussion

Global MHD models provide a useful contextual basis with which to interpret
coronal and solar wind observations. In this study. we have introduced a 3-D resistive
MHD model of the solar corona and heliosphere. driven by the abserved line-of-sight
photospheric magnetic field. We have illustrated its use by simulating three specific
time periods corresponding to solar minimum. the declining phase of the solar cycle.
and near-solar maximum conditions. We find that the model reproduces the essential
features of the observations at solar minimum and during the declining phase.

The near-solar maximum simulations suggest lower, more variable speeds and the
absence of fast streams over a much broader range of heliolatitudes, in agreement with IS
measurements and recent Ulysses observations (http://swoops.Ianl.gn\'/recem\'qutml).
Our simulations suggest that the pattern of alternating tilts that dominated Ulysses
observations during its first orbit will likely be lost at solar maxiium. To produce this
pattern of “alternating tilts”. slow solar wind must emanate from lower latitudes than
fast wind. Near solar minimum. this is accomplished because a band of slow solar wind
is organized about the solar equator. Either a simple tilted—dipole band {Pizzo. 1991]
(where the wind is organized about the magnetic equator which is tilted with respect
to the rotation axis). or a warped band (where a warped flow is organized about the
rotation axis) is sufficient to produce a regular pattern of alternating tiits. On the other
hand. when isolated coronal holes {i.e.. regions of faster wind completely encircled by
slower wind) are present. the simple tilted fronts are replaced by more complex shapes.
In the simplest case. a spherical coronal hole at low- or mid-latitudes would produce
a U-shaped interaction region in the solar wind. Depending on a spacecraft’s latitude
relative to the center of the disturbance. it would see a variety of orientations.

Based on the results presented here (and others not shown). we can make some
predictions as to the nature of the solar wind that Ulysses will encounter during its

crossings of the polar regions. First. the simulations suggest that while Ulysses may
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encounter fast (i.e., ~ 750 km s71) streams, it will likely not remain in them for more
than a fraction of a solar rotation. This is in agreement with the predictions made by
Wang and Sheeley [1997]. As discussed above. although the pattern of “alternating tilts”
at Ulysses will likelv disappear at low- and mid-heliographic latitudes. if a polar coronal
hole is present. this pattern may return. Finally. the results suggest that crossings of

the HCS may persist up to ~ 70° heliographic latitude.
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Figure 1. Figure 1. Derivation of the radial speed profile at 30R,: (a) Location of
open and closed magnetic field lines in the photosphere: () Radial speed profile based
on equation (7): and (¢) Speed profile at 30K,.

Figure 2. Model solution for CR 1912-1913. The heliospheric current sheet (inferred
from the iso-surface B, = 0) is displaved out to 5 AU. The central sphere marks the
inner boundary at 30R,. A meridional slice of the radial velocity is shown at an arbitrary
longitude. Blue corresponds to slowest speeds (~ 350 km s~ '} and red corresponds to
fasted speeds (~ 750 km s7'). Superimposed is a selection of interplanetary magnetic
field lines originating from different latitudes. Finally. the trajectories of the WIND and
Ulvsses spacecraft are marked.

Figure 3. Large-scale structure of the heliosphere in the meridional plane for the same
interval as Figure 2. Left panel shows color contours of radial velocity, middle panel
shows contours of number density (scaled by r2). and right panel shows contours of gas.
or thermal pressure (scaled by r3) at an arbitrary longitude. In each panel. the location
of the HCS is marked by the white curve.

Figure 4. From top left. in a clockwise direction: the radial velocity. meridional ve-
locity. azimuthal velocity. scaled number density. thermal pressure. and magnetic field
magnitude, at a heliocentric distance of 2.3 AU. In each panel. a black line marks the

location of the HCS.

Figure 5. Comparison of Ulysses in situ measurements of speed. density. and tempera-
ture (squares) with simulation results (solid curves) for WS time perind.

Figure 6. Comparison of WIND in situ measurements of speed, density. and temperature
(squares) with simulation results (solid curves) for WSM time period.

Figure 7. Comparison of Ulysses observations (blue) and simulation results (red) of
speed. density. and temperature from September. 1994 to July. 1995.

Figure 8. (a) Speed profile in the photosphere for time period day 66-91. 1999. corre-
sponding to CR 1947. (b) Inferred speed profile at 30 R,.




Figure 9. Meridional slices (at an arbitrary longitude) of radial velocity. scaled number
density, and scaled thermal pressure for CR 1947. The white curves mark the location
of the HCS.

Figure 10. Spherical slices of the three velocity componets (top panels) and density.
thermal pressure. and magnetic field magnitude (bottom panels) for CR 1947,

Figure 11. HCS at the three epochs of the solar cvele described in the text: (a) solar

minimum: (b) the declining phase: and (c) approaching solar maximum,
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Magnetohydrodynamic Modeling of Prominence Formation Abstract. We present a 2.5D axisyuunetric MHD model to self-consistently
within a Helmet Streamer describe the formation of a stable prominence that supports cool. dense material in
) the lower corona. The upper chiromosphere and transition region are inchided in the
1. A. Linker.! R. Lionello.! Z. Miki¢.!, and T. Amari?
calculation. Reducing the magnetic flux along the neutral line of a sheared coronal
arcade forms a magnetic ficld configiration with a flux-rope topology. The prominence
forins when dense chromospheric material is bronght up and condenses in the corona.
The prominence sits at the base of a helmet streamer structure. The dense material is
supported against gravity in the dips of the magnetic field lines in the flux rope. Further
reduction in magnetic flux leads to an eruption of the prominence. ejecting material into

the solar wind.

Short title:  MAGNETOHYDRODYNAMIC MODELING OF PROMINENCES




1. Introduction

Prominences (called filaments when observed on the solar disk) support cool. dense
chiromospheric material (~ 107K and 10! — 10*! Jenr?) against the solar gravity in the
surrounding lot. tenuous corona (~ 106K and 107 — 10°/em®). They are observed to lie
above wagnetic neutral lines in the photosphere and near the base of heliet streamers
(regions of closed magnetic field that have confined the coronal plasma). The magnetic
field in the prominence often exhibits “inverse polarity.” meaning that when the coronal
maghetic ficlds embedded in the prominence cross over the neutral line they point in
the direction opposite to that indicated by the photosphieric magnetic field polarity.
The prominence magnetic field is itself nearly aligned with the filament chaunel [Martin
ct al.. 1994: Martin and Echols. 1994, indicating a highly sheared (and therefore
wagnetically energized) configuration.

Prominences have been studicd for many vears. yet the means by which these
structures form and are maintained is still not nnderstood. nor is their violent eruption.
Three main difficultics confront any prospective theory attempting to describe the
formation and evolution of prominences: (1) Finding a magnetic configuration with
“dips” {concave upward portions of fluxtubes) that can gravitationally support the
dense material: (2) understanding the mechanisin by which chromospheric material s
trapped in the dipped fiekl lines and maintained there to form a condensation: (3)
elucidating the process that leads to the release of magnetic energy and the disruption
of these structures. Because of the great complexity of the entire problem. these three
individual aspects have typically been approached separately.

Models of magnetic field configurations for prominence support that develop
the required dips and inverse polarity nsually compute force-free magnetic fields
and assuie that the prominence material provides only a small perturbation to the
wmagnetic structure |eg.. van Ballegootjen and Martens. 1989, 1990; Antiochos et al..1994:

Aulanier and Demoulin, 1998; Amari ot al. 1999]. Given a favorable structure for

supporting the filament. computation of the complicated dynamics and thermodynanics
of condensations have been performed by assuming that the plasma flows along fixed
magnetic flux tubes. which reduces the problem to one-dimensional hydrodynamics with
energy transport {Poland and Mariska. 1986: Mok et al. 1990: Antiochos and Klimchuk
1991: Antiochos ct al.. 1999a].

Models of prominence cruption typically start from configurations favorable for
prominence support [e.g.. van Ballegooijen and Martens, 1989 Priest and Forbes. 1990
Isenberg et al. 1993) and are closely related to the problem of coronal mass ejection
(CME) initiation [Forbes and Priest. 1995 Linker and Miki¢. 1995; Low, 1997. Mikié¢
and Linker, 1997: Wu and Guo. 1997 Antiochos et al.. 1999b: Lin and Forbes. 2000]. as
these phenomena are linked observationally [Hundhausen. 1997} and require the release
of stored magnetic ficld energy and the opening of previously closed magnetic field
regions [e.g. Aly. 1984; Sturrock. 1991: Forbes, 1992: Miki¢ and Linker. 1994; Antiochos
1998). In recent simmlations {Mikic et al. 1999: Amari ef al 1999, 2000] we have found
that magnetic flux emergence and cancellation in the photosphiere can lead to the
formation of magnetic flux ropes in sheared or twisted arcade configurations. When
the flux cancellation reaches a critical threshold. the entire configuration erupts with a
considerable release of magnetic energy.

The theoretical investigations described above decouple the salient processes and
focus on modeling individual aspects of the problem. This approach is useful for
revealing the basic underlying physics. However. a complete picture of prominence
formation. evolution. and eruption ultimately requires a comprehensive model of all of
the processes together. This is particularly true now that ditferent models can more or
lesss equally describe the basic features of the observations. albeit somewhat superficially.
Eventuallv. models will need to produce more detailed predictions that can-be tested
directly by observations (for example. by producing simulated emission that can be

compared with images from spacecraft such as SOHO or TRACE). This challenging,




goal requires that the complex thermodynamic processes of the upper chromosphere and
trausition region be incorporated into multi-dimeusional magnetohydrodyuamic (NHD)
comptitations.

The purpose of this paper is to demonstrate that we can now begin to study the
problem of prominence formation and cruption with a more comprehensive approach.
\We show that when cnergy trausport processes are included into calculations similar
to our recent models of prominence support and eruption. chromospheric-like material
can be trapped on helical field lines and lifted into a stable configuration in the lower
corona as a result of flux cancellation at the neutral line. When further flux cancellation
occurs. the entire configuration erupts into the corona.

The plau for the rest of the paper is as follows: In the next section (2). we describe
our computational methodology. Section 3 describes results for both polytropic and full
thermodynamic simulations. and section 4 discusses the implications of our work and

directions for future progress.

2. Methodology

Lionello et al. [1999a: 2001! describe the use of our time-dependent 3D MHD model
to compute helmet streamer configurations in the solar corona that include the lower
solar atmosphere (upper chromosphere and transition region). Those caleulations form
the basis for the studies discussed in this paper: here we note some important details
relevant to the present calculations.

In this paper we confine ourselves to azimuthally symmetric, two-dimensional
solutions (with three components of magnetic field and velocity). We solve the following

set of equations in spherical coordinates:

VxB = J. (1)
10B

o of

6

E»;va = 3] (3)
’:” V) = 0 (1)
v-VT) = TV.v-— %(V-ann,.n,,Q(T) s~ Ty - 1), (5)

v 1 .

o ( m + v-Vv) = r'] xB-Vp+pg+ V- -{vpVv) (6)

where B is the magnetic field. J is the clectric current density. E is the clectrie field.
. v. poand T are the plasma mass density, velocity, pressure. and temperature.
g = —giR,2/r? is the gravitational acceleration (with R the solar radius). 5 the
resistivity, and v is the kinematic viscosity. Tu the energy equation. Eq. (5). Q(T') is the
(optically thin) radiation loss function as in Athay [1986]. n, and n, are the clectron
and proton munber density (which are equal for a hvdrogen plasma). 5 = 5/3 is the
polvtropic index. /g is the coronal heating term (a parameterized function). H, = nJ?
and I, = pvVv : Vv are the ohmic and viscous heating terms (neglected in these
simulations). and q is the heat flux.

Coronal heating is specified as a nonuniform profile that varies exponentially

with radial distance. and both the heat deposition length scale (A) and flux vary with

latitude. The length scale varies from A = 0.7 Rs at the poles to A = 0.1 Ry at the

equator. and the heat flux at r = Ry is 10° erg e 571 at the poles and 5 x 107 erg
em-? s 'at the equator. These parameters have been chosen to vield the strongly
concentrated heating and higher densities seen in active regions near the equator of the
sitnulation while also providing the more distributed heating present in coronal holes in
the open field portions of the simulation. Lioncllo ef al. {2001] describes further details
of the coronal heating parameters and the use of both collisional (Spitzer's law) and
collisionless | Holheeg. 1978] thermal conduction as a function of radial distauce from the
Sun. For the results shown in this paper. we have modified the Spitzer law to reduce the

steepness of the temperature and density gradients in the lowest part of the transition




region (see the Appendix for a more detailed discussion). We have found that this
procedure allows coarser meshes to be used and yields solutions that are qualitatively
similar to those obtained with the full Spitzer thermal conductivity.

The calculation described here has been perforined on a 201 x 201 nenuniform
(r.9) grid. with the mesh points highly concentrated in the equatorial region near the
lower boundary. A mesh with Ar 2~ 6 x 107" R, in the upper chromosphere (near the
lower radial boundary) and A8 = 0.2° near the equator is used. Other calculations
with 121 x 101 mesh points, with coarser mesh resolution, were also performed prior
to this calculation in order to scope out the parameters and find a regime in which a
prowminence was formed. The results with the higher-resolution mesh allowed us to use
a larger Lundquist number. and we report only these results here. This simulation used
20 hours of CPU time on a Cray T90 supercomputer. and we did not decmn it necessary
to pursue calewlations with higher mesh resolution considering the limitations on our
computing resources. We believe that increasing the resolution beyond that used in the
present calculation would not change the results significantly. However. when we begin
modeling more realistic prominences in the future we will verify that a further increase
in the spatial resolution does not change the results.

The simulation domain extends out to 30/H,. At this upper boundary the flow
is supersonic and super-Alfvénic. and we implement boundary conditions that utilize
the characteristics to allow only outgoing waves there [Linker and Mikié. 1997].

A uniform resistivity n has been used. corresponding to a resistive diffusion time

TR = 47 R /(nc?) = 4 x 10" hours (for a length scale of R,). Underneath the relaxed
helmet streamer. the Alfvén speed (Vig) near the equator at 10.000— 20. 000 km altitude
is about 1830 km/s, so the Alfvén travel time (74 = H,/Vao) is 6.3 minutes. and the
Lundeuist number 7/74 = 3.8 x 10", A uniforin viscosity » is also used. corresponding
to a viscons diffusion time 7, = R,%2/v such that 7./74 = 3.8 x 10°. Typically. we

find that much higher values of 74 can be specified for our algorithm if 7, is kept at a

relatively smaller value,

The wethod of solution of (1-6) has been described previously [Mikid and Linker.
1994: Linker and Mikic. 1997. Lioncllo cf al. 1999b: Linker et al. 1999: Mikic ct
al. 1999]. For the parameter regine of the calculations we describe here. stiffness of the
equations is introduced by the combination of hoth the high AHvén speed and thermal
conduction in the transition region and lower corona. and the use of siall mesh cells
in this region to capture the steep gradients in density and temperature there. The
stiffness introduced in the time-integration of the equations by the Alfvén speed is
treated efficiently using a semi-implicit method [Miki¢ and Linker. 1994]. The aceuracy
of the semi-implicit method has been studied previously [Schnack et al. 1987 Mikd
et al.. 1988]. and it is known that when the time step falls below the CFL limit. the
semi-implicit method is identical to an explicit method. The stiffness introduced by the
parabolic equations resulting from the thermal conduction. resistivity, and viscosity. are

treated using standard fully-implicit methods.

3. Results

Amari ct al [1999; 2000] have described how magnetic flux changes at the
photospliere. when introduced into a three-dimensional sheared arcade field. can yield
solutions with stable magnetic flux ropes suitable for prominence support. and how
further magnetic flux changes can lead 1o magunetic energy release and eruption. These
calculations were performed in the “zero heta”™ limit of equations (1-6): equations (1-3)
and (6} are solved with PP = 0 and a fixed profile assumed for p (equilibria found in
this manner are force-free solntions). Miki¢ and Linker [1999] have shown that when
the same procedure is applied to polytropic MHD solutions with helinet streamer
configurations [solutions of cquations (1-6) with the energy source terms in (5) set to
zero and v = 1.05]. the streamer disrupts and wmaterial is cjected out into the solar wind.

Figure 1 shows the eruption of a flux rope in a three-dimensional calculation of this kind.




A detailed description of these results in presently in preparation. Here we describe
how the inclusion of processes in the lower solar atmosphere in these caleulations {full
solutions of equations (1-6)] leads to the formation of a prowminence-like structure and

its subsequent eruption.

3.1. Helmet Streamer Solution

Lu the first phase of the calenlation. we generate a helmet streamer equilibrium {e.g..
Lenker and Mikic. 1995). We start with a potential magnetic tield in the corona that
matches a specified distribution of radial magnetic field at the solar surface B,y. The
distribution we choose is the sum of a weak dipole field (Brogip = 2.2G at the poles).
and a stronger (Browip = 9.5G) concentrated bipole near the nentral line. For simplicity
we choose a configuration that is syminetric in latitude about the solar equator. Our
intent in including the strong bipole is to model the large-scale effect of the field in
an active region (where prominences fregnently form). The equatorial position of the
bipole at the equator is not very realistic for prominences. but is convenient for the
illustrative purposes of this calculation. We place our lower boundary at the top of the
chromosphere, and we impose a fixed temperature Ty = 20. 000K and a plasma number
demsity n = 1, = n. = 10" cm=3. We impose a spherically symmetric solar wind solution
which inchudes the upper chromospliere and the transition region and is consistent
with the chosen boundary values for tetnperature and density. This cambination is not
initially at equilibriiin. We integrate the time-dependent MHD equations in time until
the solution settles down to an equilibrium (for 38074. where 74 is the Allvén time
described in section 2). The final state models the coronal plastna. and includes the
transition region in the calculation. This procedure has been described by Lionello ot
al. [2001]. The final solntion has a coronal streamer with closed field lines, surrounded
by open field lines along which the solar wind Hows outward. Figure 1 of Linker and

Mk [1995] shows an example of the magnetic configuration of a 2D helmet streamer
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using a polytropic energy equation: Figure 1 and Figure 3 of Lionello et al. [2001] show

exatples of a helmet streamer confignration computed with thermodynamics.

3.2. An Energized Helmet Streamer

I the second phase of the simulation. we apply a shear flow near the neutral line
that builds free magnetic energy into the streamer. This shear flow is not intended to
model actual flows on the Sun. It is just a convenient mechanism for producing strongly
sheared field lines that are nearly aligned with the neutral line. a frequently observed
characteristic of filaments {Martin and Echols. 1994]. We use a shear profile that is like
the one used by Mikic and Linker [1994]. with a width A6, = 8B.5°. The shear is applied
from t = 38074 to f = 57074, with a maximum velocity vy = 0.005V40. Figure 2a and 3a
show contours of the flux function (projections of the magnetic field lines) superimposed
on the plasina density (Figure 2a) and plasma temperature (Figure 3a). at the end of
the shearing phase. The maximum displacement of the footpoints from their original
position is 0.8R,. and the sheared ficld has a magnetic energy equal to 2.3W5. The

calculation is then continued in a relaxation phase to ¢ = 5897,

3.3. Creation of a Magnetic Flux Rope and Subsequent Eruption

In the final phase of the calculation, we change the magnetic flux at the boundary
to generate a flux rope. On the Sun it is frequently observed that the magnetic fields
in an active region tend to disperse days to weeks after its emergence. During this
time. filaments are frequently observed to form along the neutral line. At times. these
filaments disappear. presumably due to eruption. and may even reform in the same
location later. This dispersal of magnetic flux is thought to occur on a small spatial scale
by annihilation and submergence of magnetic dipole elements. and has been modeled as
a convective-diffusive process on a large scale [Wang et al.. 1989: Wang and Shecley.

1990]. The disappearance of photospheric magnetic flux has long been suspected of
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playing a role in filament formation and eruption (van Ballegootjer and Martens, 1989].
We model the effect of such changes by reducing the magnetic flux in the bipotar flux

region. The clectric ficlds that specify this change (described helow) imply converging

flows at the neutral line. as is believed to oceur in flux cancellation. We find that the

rednetion in magnetic flux can create a filament. and that further reduction in flux can
ake it erupt. as llustrated below.

The boundary conditions for flux reduction are cssentially the same as those
described by Amari ¢t al. {2000]. The change in flux is applied by specifying the
appropriate clectric fields at the boundary. For example. when we seek steady-state
sohtions of eqs. (1-6). we st the tangential component of the electrie field at the
boundary. (Bp). to 2e10. This keeps Bro (the radial magnetic ficld at the solar
boundary) fixed in time. In order to specify a desired change in the magnetic flux. we
specify a non-zero E., that is consistent with the required O30/ 0t. Reduction of Bro is
equivalent to cancellation of flux at the neutral line. and Jeads to the formation of a flux
rope [Amari et al 2000

To compute the electric field required to drive a specific flux change, we note that
in general. Ey can be expressed as V X v+ V@, where v and @ are arbitrary functions
(of 0 and o) and V, indicates transverse derivatives (in the 0 — ¢ plane at 7 = R,). The
potential @ changes Eqe without changing Bro. and can be used to cont rol the transverse
magnetic field (e the shear and the normal electric current ). whereas the potential
v changes the flux. For the simulation presented in this paper we used @ = 0. which
minimizes changes to B,. Then iy = O B,o/0t. which can be solved for ¢ for the flux
change specified by 0B/ 0t.

For the case presented here. we apply the appropriate dlectric field Eq at the lower
houndary. as calenlat od above. to reduce the bipole portion of the flux distribution
Bobip DY 15% (while leaving, the dipole portion Broaip undisturbed). from t = 58074

to 66574, Figure 2 shows the resulting evolution of the plasina density and projected
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magnetic ficld lines (for a portion of the simulation): Figure 3 shows the corresponding
evolution of the plasma temperature. At t = 608Ty when the flux has been reduced by
375% (Figure 2b and 3b). a flux Tope containing cold dense chromospheric material
(T =2x 10" and n > 10'°) has been lifted into the corona to form a promiu('n(‘e-lik«
structure (barely visible near the lower boundary at the equator). Ina dotailed analysis
of vector tnagnetograph and Ha observations of an emerging 8-sunspot group. Lites et
al. [1995] suggested that a twisted magnetic loop cmerged from below the pliotosphere.
carrying with it dense material that formed a filament. The filament-formation
mechanisie we describe is consistent with these observations. This is in contrast to the
idea of siphon flows leading to the development of a condensation {e.g. Antiochos ¢t al..
1999a]. which cannot occur here because the flux rope ficld lines do not conneet to the
surface.

At { = 61674 shown in Figure 2¢ aud 3¢ (Aux reduction at 11.25%) the prominence
has already begun to erupt. It has been lifted to a Leight of 0.21%, (140.000 k) and is
slowly moving upward. By t = 68474 (1974 after flux reduction was halted) the flux
rope and helmet streatmer are erupting (Figures 24 and 3d). and the entire configuration
is opened and material is carried upward (Figures 2¢f and 3ef).

There 1s a threshold of flux reduction for the cruption to oceur. To demonstrate
this behavior. we performed another case where flux reduction is halted at 1 = 60874
(== 8.75% of the initial amonnt). When the caleulation s continued from that point. no
eruption occurs and the flux rope containing chromospheric material relaxes to a stable
state. Figure 4 shows a closeup of this confignration after it has relaxed for 1974, On
the left are shown projected ficld lines overlaid on the plasma density (Figure 4a) and
temperature (Figure 4b). Note the presence of high density and low temperature on the
detached flux surfaces. On the right. ficld lines from the calculation are plotted with the
color along the ficld line indicating the density (Figure 4¢) and temperature (Fignre 4d).

Cool and dense (naterial in the prominence is supported against gravity in the dips of




the ticld lines of the flux rope. The hieight of the simulated prowminence is about 15.000
km. As the caleulation is continmed further. the flux rope slowly diffuses because of the
presence of finite resistivity.

If finx reduction is halted at a level of 7.5% of the initial amount and the calculation
i continued, the flux rope and helinet streamer erupt in a manner similar to the case
shown in Figure 2-3. We have found that the exact level of flux reduction necessary for
eruption in a given configuration depends on the details of the surface flux distribution
and the amount of shear introduced. Prior to reaching the critical level. the behavior of
the system is quasistatic.

Figure 5 shows the prominence height as a function of time during the eruptive
phase. The eruption that was produced in this case was not very fast (reaching ~ 40km /s
at 24.). although it is still accolerating at this stage. This is in contrast to some of the
polytropic simulations we have run with this mechanism (speeds > 500kni/s). A more
concentrated shear and a larger initial magnetic field strength (enabling release of more

magnetic cnergy) may be required to create a fast mass ejection containing a filament.

4. Discussion

The possibility that prominences are supported by magnetic flux ropes has been
considered in recent years by a number of authors [e.g. van Ballegooijen and Martens.
1989: 1990: Rust and Kumar. 1994 Chen. 1996. Aulanier and Demoulin. 1998]. Our
recent work |Amart et al. 1999 2000 and the results we have presented here are sinilar
in many respects to the force-free calculations of van Ballegooijen and Martens [1989}.
which showed how flux cancellation coukd lead to the formation of flux ropes. The
computations we have described here show that when the full MHD equations are used.
incinding an energy cquation that takes into account energy transport in the upper
chromosphere and transition region. chromospheric material can be lifted by the helical

field lines and supported against gravity inside a helmet streamer. The flux rope can
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subsequently be ejected into the solar wind as a consequence of eruption.

The idealized caleulations presented here are intended to illustrate that it is possible
{o perform self-consistent MHD calculations of prominences. Clearly. a 2D axisymmetric
nodel has limited applicability to solar observations. In this geometry the helical field
lines of the flux rope form a torus around the Sun. The connection of the magnetic
fields emmbedded in the prominence to the photosphere. and the possible role of siphon
flows in filling/draining the prominence. is an important question not addressed by this
caleulation. Preliminary one-dimensional solutions for energy flow along the magnetic
field loops from a three-dimensional flux-rope configuration indicate that condensations
do indeed form, but a fully self-consistent 3D simulation is required to investigate this
question more completely. We have performed 3D simulations of flux-rope formation in
polytropic helmet streamers (Figure 1). and we intend to extend the present results to
3D as well.

Once the siinulations become more realistic. it will be necessary to explain the
many detailed features that have been observed in prominences [e.g. Martin et al.
1994]. For example. what are the implications of the ohserved relationship betweent the
filament axial field and the skew of coronal arcades [Martin and MeAllister. 1996]. and
the relationship between differential solar rotation and the axial field in polar crown
filaments [7an Ballegootjen et al. 1998]7 Do these considerations nmply that the axial
field originates {rom below the photosphere |Priest et al. 1996]7 Maguetic flux ropes
are not the only candidates for explaining prominence support |Martin and Echols.
1994: Antiochos ct al. 1994] and cruption [Antiochos et al. 1999b). Understanding the
pre-eruptive state of filaments. as well as their violent eruption. requires calculations
that can predict observable quantities. We consider the calenlations we have presented

lere as a first step of that process.



Appendix: Modified Thermal Conduction

In the lower transition region. there is a close balance between thermally conducted
heat [V - q in equation (5)] coming from the hot. temous corona and the energy radiated
away [nnpQ(T) In (5)] by the ambient dense cold material. In this collisional regiwe.

the Spitzer form of the thermal conductivity is appropriate:

q= —K‘il;B-VT‘. (A1)

where s, = weT?? (Ko =9 107 in c.g.s. units). b is the unit vector along the magnetic
ficld. and T is the temperature i K.

The steepness of the temperature in the transition region arises from the balance
of conduetive heat flux from the corona and radiative losses in the transition region.
The temperature dependence of the Spitzer thermal conductivity (5 X T3 forms the
steepest temperature gradient in the lower transition region. Lionello et al. {2001} used
highly resolved meshes (Ar =8 x 107 51y, or b6 kin) to capture this gradient. 1t seems
that an artificial broadening of this pradient should be possible without qualitatively
changing the overall solution. With this goal in mind. we have formulated vy in such a
way as to the preserve {he essential physics of the Spitzer model for the upper transition
region and corona. while reducing the steepness of the gradient in the lower part of the

transition regiomn:
k= ma (ST (1= T (A2)
where
1 T ~ T
(T) = é (l + tanh (*Ai[fm‘:‘)> . (A3)

The function s varies smoothly between 0 and 1 and regulates the transition from the
Spitzer regime of Ky (when T' % T ). and the modified regime (when T & Towd)-

In the modified regime. which applics to the lower {ransition region. sy x T and
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the a power is 0 € a 2 5/2. The transition between the fwo regimes oceurs ina
temperature interval depending on AToa. For the simnlation results presented here.
we chose o =10 (corresponding to constant #y for T < Tymod). Thea = 250. 000 K. and
ATed = 20.000 K.

This formulation makes & higher than the Spitzer value in the lower transition
yregion. allowing thermal conduction to balance radiation loss with a smaller temperature
gradient. We have found that this modified form of the thermal conduction yields
solutions that are ualitatively similar to those obtained with the full Spitzer thermal
conductivity. and we were able to increase the radial arid size in the lower transition
region by almost an order of magnitude over that used in Lionello ¢t al. 12001].
Quantitatively. the temperature of solutions on individual loops matches closely in the
coroua. althongh differences in the density can be as large as a factor of two different.
We regard the modified thernal conduction as a wseful tool for exploring the qualitative

properties of solutions without nsing ext remely fine meshes.
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Figure 1. Simulated eruption of a maguetic fux rope on the Sun. (a) A three-
dimensional flux rope formed by reducing the magnetic flux in a sheared arcade, compnted
with the polytropic model {sce text). The flux rope lies within a helmet streamer that
is surronnded by open maguetic field lines along which the solar wind streams outward.
When the amount of magnetic flux decrease is small enough. the flux rope is stable.
{b)-{d) Further reduction of the photospheric magnetic field leads to the ernption of the
flux rope.

Figure 2. The evolution of the plasma density and magnetic field in a thermodynamic
MHD model(see text). The plasma density is depicted in color. and projections of the
magnetic field lines are overlaid on the density. (Corresponding plots of the temperaturce
can be scen in Figure 3.) A claseup of the lower part of the simulation domain near the
cquator is shown. (a) The helmet streamer configuration at the end of the shearing phasce.
(b) The streamer after the magnetic flux has been reduced (reduction of 3.75% of the
initial interior bipole). A low-lying filament structure has formed ;111(1 is just discernible
near the lower boundary (sce Figure 4 for a zoomed view). (¢) The filament is now at a
height of 140.000 km and is moving upward slowly. The enhanced density can be seen to
lie near the hottom of the detached flux surfaces. Flux reduction (at 11.25%) is beyond
the critical threshold for cruption (sec text). (d) the cruptive phase has started. and
dense material is carried upward into the coroua. shown in (e) and (f).

Figure 3. The same as Figure 2. except that the evolution of the plasma temperature
and magnetic ficld are depicted. The high density material shown in Figure 2 is also very

cold.
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Figure 4. A zoomied view of the of the prominence-like structure when flux reduction
is halted at a level of 3.75% (1 = 60874. Figures 2h and 3b) and the caleulation is
continued (see text). allowing a stable flux rope to form. The plasma density (a) and
tewperature (b) are shown together with projections of the magnetic field lines as in
Figures 2-3. Tracings of the wagnetic field lines. colored by temperature (¢) and density
{d) are shown. The helical field lines support cold (T ~ 2 x 10 K) aud dense (n ~ 10'")
material against gravity.

Figure 5. The prominence height as function of time for the eruptive phase of the

calculation (frames b-f of Figures 2-3).
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